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This paper addresses the pressure ﬂuctuation induced by a propeller sheet cavitation. This study applies
the acoustic theory proposed by Ffowcs Williams and Hawkings to the prediction of the pressure
ﬂuctuation caused by the volume variations of the propeller cavitation. There are two objectives of this
study. The ﬁrst objective is to clarify and analyze the mechanism of the pressure ﬂuctuation induced by
the propeller sheet cavitation. The second objective is the evaluation of the developed numerical
prediction method. Various factors that affect the pressure ﬂuctuation are numerically simulated and
analyzed based on the developed governing equation. The developed time domain prediction method is
combined with the vortex lattice method, which solves for the unsteady sheet cavitation on the propeller
blades. The numerical prediction results of the newly developed method are compared with the results
of a potential-based numerical prediction method and the experimental results from the MOERI medium
size cavitation tunnel tests for various operation conditions and propellers. As a result of this study, the
pressure ﬂuctuation induced by a propeller sheet cavitation is not simply proportional to the second
derivative of the cavitation volume variation and inversely proportional to the distance. The ﬂuctuation is
represented by the combined result of the far-ﬁeld term and the near-ﬁeld term. Furthermore, various
simulation results show that an elaborate prediction requires the overall consideration of the near-ﬁeld
term, the effect of the relative motion of the sources and the retarded time for the measurement position.
The developed time domain prediction method provides reasonable results, and these results are in good
agreement with the experimental results. In some cases, this method will provide much better results
than the potential-based prediction method, especially for the prediction of the location where the
maximum amplitude blade rate and the pressure amplitude of higher harmonics.
& 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license. 1. Introduction
Recently, loads on propellers have been increasing due to the
need for large and high-speed ships. Therefore, propeller cavita-
tion is increasing, and the resulting adverse effects are becoming
an important issue. Cavitation on a propeller induces pressure
ﬂuctuations on the hull. The limitation of tip clearance and an
increase in higher order pressure ﬂuctuation can cause severe ship
vibration and a noise problem. Therefore, a technique allowing for
the prediction and control of pressure ﬂuctuations induced by
propeller cavitation is needed at the design stage.Ltd. Open access under CC BY-NC-ND licenThe factors causing pressure ﬂuctuation induced by a propeller
are classiﬁed into three primary parts: changes in the blade
loading, rotation of the blade thickness, and the volume change
of the propeller cavitation (Carlton, 2007). However, pressure
ﬂuctuation due to changes in blade loading and blade thickness
are very small compared with the pressure ﬂuctuations caused by
cavitation. Various types of propeller cavitation, such as sheet
cavitation, tip vortex cavitation, and bubble cavitation, affect the
hull pressure ﬂuctuation. The peak pressure ﬂuctuation is mea-
sured in a discrete form at the blade rate frequency and is caused
by unsteady sheet cavitation (Carlton, 2007).
There have been numerous studies of the pressure ﬂuctuation
caused by propeller cavitation (Kinns and Bloor, 2004; Merz et al.,
2009; Lee et al., 1992; Cavitation Committee Report, 1987; The
Specialist Committee on Cavitation Induced Pressures, 2002).
In recent years numerical prediction method using CFD is
introduced and it shows good results (Pereira et al., 2004; Ji
et al., 2011, 2012; Kehr and Kao, 2011; Luo et al., 2012; Seo et al.,
2008).se. 
Table 1
Propeller data and operating condition.
Diameter 6.0 m
Hub-diameter ratio 0.17
Number of blades 4
Propeller rotational speed 120 rpm
Tip clearance 2.0 m
Ship speed (VS) 15 knots (7.7 m/s)
H. Seol / Ocean Engineering 72 (2013) 287–296288Most studies investigated the correlation between predictions,
model test results, and real ship measurements (Kim et al., 1996).
Recently, the potential-based numerical prediction methods have
been introduced that consider the physical propeller conﬁguration
and operating conditions. However, these numerical prediction
methods make it difﬁcult to intuitively understand the governing
equation because they are presented in a form that is a result of
solving potential-based boundary value problems. Moreover, these
equations cannot represent the relative motion of the sources and
the retarded time for the measurement point.
This study is designed to ﬁnd the physical signiﬁcance of
propeller cavitation and pressure ﬂuctuation using a numerical
approach based on theory and experimental validation.
To predict the pressure ﬂuctuation induced by propeller sheet
cavitation, a modern acoustic methodology is applied. The pres-
sure ﬂuctuation induced by propeller cavitation is generally
known to be proportional to the second time derivative of the
cavitation volume variation and inversely proportional to the
distance from the sources, as shown in Eq. (1) (Blake, 1996).
p′ðr; tÞ ¼ ρ0
€Q ðtr=cÞ
4πr
¼ ρ0ðR
2 €Rþ 2R _R2Þ
r
ð1ÞFig. 1. Simulation model propeller and the location of the computation position;
(a) view from the stern, (b) view from the upper side.However, Eq. (1) is only valid where the pressure ﬂuctuation
sources are stationary and the observer is far away from the
sources (r≫R). Moreover, the distance between the rotating
propeller and the hull is smaller than the length of the pressure
waves induced by the propeller sheet cavitation. Pressure ﬂuctua-
tion can be affected by the sheet cavitation motion and the near-
ﬁeld effect. Therefore, Eq. (1) cannot be applied. Nevertheless, it is
difﬁcult to ﬁnd studies in the literature that discuss these
problems (Bark, 1988).
Therefore, this study applies the combined hydrodynamic and
hydroacoustic method to the prediction of the pressure ﬂuctuation
caused by a volume variation in the propeller sheet cavitation,Fig. 3. Induced pressure ﬂuctuation and the resultant pressure time signal at point ‘C’.
Fig. 2. Numerically simulated volume variation of the sheet cavitation.
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and numerical approaches considering the source motion and the
near-ﬁeld effect due to the rotation of the sheet cavitation are
attempted. The ﬁndings will improve studies on hull pressure
ﬂuctuation in the future.
The paper is organized as follows. Section 2 presents the time
domain method for the prediction of the pressure ﬂuctuation and
its numerical simulations. Section 3 describes the pressure ﬂuc-
tuation experiments that were performed in the MOERI cavitation
tunnel and presents a comparison of the results of the experi-
mental data and the newly developed time domain prediction
results.2. Time domain method for the prediction of pressure
ﬂuctuation
2.1. Flow analysis and time domain prediction method
Potential based vortex lattice method is coupled with acoustic
analogy method for the prediction of pressure ﬂuctuation.Fig. 4. Induced pressure ﬂuctuation and the resultant pressure time signal at
point ‘C’ (near-ﬁeld term & far-ﬁeld term).
Fig. 5. Pressure ﬂuctuation according to the tip clearance (near-ﬁeld term and
far-ﬁeld term).The vortex lattice method performs analysis of propeller
performance and cavitation volume variation. In the vortex lattice
approach the continuous distributions of vortices and sources are
replaced by a ﬁnite set of straight line elements of constant
strength whose end points lie on the blade camber surface.
(Carlton, 2007) A potential based lifting surface methods and their
application to propeller technology began in the 1980s. A lifting
surface method for marine propeller was developed by Kerwin
and Lee (1987) at the Massachussetts Institute of Technology. The
fundamentals and details of lifting surface method are well
described in works of Lee (1979, 1992) and Kinnas and Fine (1992).Fig. 6. Induced pressure ﬂuctuation (effect of the source movement); (a) Schematic
diagram (b) Induced pressure ﬂuctuation from point ‘P’ to point ‘S’.
Table 2
Principal particulars of propellers.
Propeller Propeller A Propeller B Propeller C
Diameter 5.2 m 5.2 m 4.6 m
Hub-diameter ratio 0.17 0.2 0.16
Number of blades 4 4 5
Effective skew 191 231 28.51
Expanded area 1.686 m 1.630 m 1.2512 m
(P/D)mean 0.705 0.681 0.867
H. Seol / Ocean Engineering 72 (2013) 287–296290Potential based ﬂow analysis and pressure ﬂuctuation predic-
tion method are widely used in propeller design. These numerical
methods are developed in MOERI in 1990′s.
The calculation method is quasi-stationary. The pressure dis-
tribution on the blade surface and sheet cavitation volume is
computed at every 61 per time step.
Pressure ﬂuctuation induced by propeller sheet cavitation is
closely related to the cavitation volume variation, and considera-
tion of the cavity motion and the near-ﬁeld effect is required for an
accurate prediction.
The governing equation can be derived by applying the acoustic
method developed by Ffowcs Williams and Hawkings (1983). The
pressure ﬂuctuation due to a volume change in the sheet cavity is
proportional to the mass acceleration effect, which is shown in
Eq. (2).
p′ð x!; tÞ ¼ 1
c02
∂2p′
∂t2
∇2p¼ 1
4πr
∂
∂t
ρ0
_Q ðτnÞ
h i
ð2Þ
where p′ is the pressure ﬂuctuation, and ρ0 and c0 are the density
and the speed of in the undisturbed medium. Q is the volume of
the sheet cavitation, whose ﬁrst and second derivatives are
represented as _Q and €Q , respectively.
From the relation between the pressure ﬂuctuation source term
and the observation point, the following expression can be
derived.
gðτnÞ ¼ τnt þ c0
r
r¼ cðtτnÞ ¼
 x! x!s ð3Þ
τn and t are the source and the observer time, and x!; x!s are the
location of the observer and the source position.Table 3
Operating conditions of propellers.
Case A
Propeller Propeller A
Scale ratio 20.8
Ship speed 14.65 knot (7.54 m/s)
Full-scale propeller rpm 134.6
Advance coefﬁcient 0.4338
Thrust coefﬁcient 0.1705
Cavitation number, sn 0:7R 2.0765
Propeller tip clearance (m), tc 1.686
Fig. 7. Schematic diagram of the MOERThe pressure ﬂuctuation ﬁeld, whose source strength is
qð x!s; tÞ, can be expressed as follows.
p0ð x!; tÞ ¼
Z
qð x!s; τnÞ
4πj x! x!sj
d3y ð4Þ
If the observation point is far away from the source while the
cavitation is stationary, the solution can be obtained as shown in Eq.
(1) and according to Green′s function theorem for the wave equation.
However, because the sheet cavitation rotates with the blades as the
volume changes, the source term in Eq. (2) can be expressed as shown
in Eq. (5) by considering the relative velocity of the observer.
p′ð x!; tÞ ¼ ∂
∂t
ρ0
_Q ðτnÞ
4πrð1MrÞ
" #
ð5Þ
Here, a few relational expressions will be introduced for the
physical phenomena. The relative velocity (vr) can be obtained by
differentiating the distance from source time.
∂r
∂τn
¼vr
Mr ¼ v!_r=c0 ¼ vi _r i=c0
Mi ¼ vi=c0 ð6Þ
Eq. (5) is then written as the following equation.
4πp′ðx,; tÞ ¼ ρ0
€Q ðτnÞ
rð1MrÞ2
þ ρ0
_Q ðτnÞ _Mir^i
rð1MrÞ3
þ ρ0
_Q ðτnÞc0ðMrM2Þ
r2ð1M3rÞ
ð7Þ
Eq. (7) represents the pressure ﬂuctuation at the observer time
t and position x!. The pressure ﬂuctuation source radiates the
pressure pulse at source time t and position x!s. As the source is inCase B Case C
Propeller B Propeller C
20.8 18.4
13.98 knot (7.18 m/s) 12.34 knot (6.34 m/s)
136.0 123.9
0.3840 0.5395
0.1759 0.2254
2.0443 2.6729
1.630 1.251
I medium-sized cavitation tunnel.
H. Seol / Ocean Engineering 72 (2013) 287–296 291motion, several terms affect the pressure ﬂuctuation, as shown in
Eq. (7). In each term, 1Mrð Þ1 is caused by the source movement.
As the sheet cavitation moves with blades, the pressure ﬂuctuation
is stronger when the sheet cavity moves closer to the observer
ðMr40Þ compared with when the sheet cavity move away fromFig. 8. Propeller conﬁgurations and nominal wake distributions; (a) propeller
conﬁguration and wake distribution for Case A (b) propeller conﬁguration and
wake distribution for Case B (c) propeller conﬁguration and wake distribution for
Case C.
Fig. 9. Location of the ﬁve pressure transducers on the ﬂat plate.the observer ðMro0Þ even though the observation point is at the
same distance from the source.
The ﬁrst and second terms in Eq. (7) are the far-ﬁeld terms,
which are proportional to 1=r, and the last term is the near-ﬁeld
term, which is proportional to 1=r2.
A numerical prediction tool has been developed based on
Eq. (7). The sheet cavitation appears as a thin single volume of
vapor attached to the blades near the leading edge and extending
downstream. The sheet is obtained from a potential-based vortex
lattice method. The time-dependent cavity volume variation
results are used as the input for the developed numerical method
to predict the pressure ﬂuctuation.
The total volume of the cavity on the blade acts as a single
volume of vapor. During the blade rotation, the varying inﬂow cause
volume variation, and the radiated pressure pulse is caused by the
acoustic monopole mechanism. The contributions from all the sheet
cavities are summed. The retarded time equation is considered
during the addition procedure. The retarded time is computed using
a Newton iteration method. Contributions of each cavity, which
each have a different retarded time, are added to form a pressure
wave. The pressure history in the observer′s time is then formed.
In this study, a ﬂat horizontal plate is considered to simulate
and predict the pressure ﬂuctuation. According to Huse (1996),Fig. 10. Photographs of the cavitation patterns and results of the numerical ﬂow
solver (Case A) (a) Blade angle 0, (b) Blade angle 12, (c) Blade angle 18.
H. Seol / Ocean Engineering 72 (2013) 287–296292the solid boundary factor (SBF¼2) is applied to the free ﬁeld
pressure computation results.
The time history of the pressure is transformed into the pressure
ﬂuctuation at the blade rate frequency using a Fourier transforma-
tion and a total pressure ﬂuctuation is calculated by Eq. (8).
~P ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P1
2 þ 2P22 þ 3P32 þ 4P42
q
ð8Þ
where, P1: Pressure ﬂuctuation at the ﬁrst blade frequency, P2:
Pressure ﬂuctuation at the second frequency, P3: Pressure ﬂuctua-
tion at the third blade frequency, P4: Pressure ﬂuctuation at the
fourth blade frequency.2.2. Numerical simulations
The propeller sheet cavitation-induced pressure ﬂuctuation is
physically analyzed using the governing equation mentioned in
the section above. The propeller model, the operating conditions,
and the volume variation of the sheet cavitation are numerically
assumed. Because various factors may affect the pressure ﬂuctua-
tion, these factors are simulated and analyzed.Fig. 11. Photographs of the cavitation patterns and results of the numerical ﬂow
solver (Case B) (a) Blade angle 0, (b) Blade angle 12, (c) Blade angle 18.The numerically generated propeller conﬁguration and the
proposed propeller operating conditions are shown in Fig. 1 and
Table 1, respectively. To analyze the effect of the source motion,Fig. 12. Photographs of the cavitation patterns and the results of numerical ﬂow
solver (Case C) (a) Blade angle 0, (b) Blade angle 12, (c) Blade angle 18.
Fig. 13. Computed cavity volume variation using the vortex lattice method.
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volume is located at blade angle 0, is assumed to be conﬁgured as
shown in Fig. 2.
To ﬁnd the formation mechanism of the pressure ﬂuctuation,
the pressure ﬂuctuation induced by the sheet cavitation of each
blade is calculated as shown in Fig. 3. This ﬁgure shows both the
pressure ﬂuctuation induced by the sheet cavity of each blade at
point ‘C’ of the rigid wall (above the propeller plane) and the
resulting pressure ﬂuctuation. Because the ﬁrst blade moves from
blade angle 0o to blade angle 90o and the fourth blade moves from
90o to 0o, these blades induce a relatively large pressure
ﬂuctuation. However, the second and third blades induce small
pressure ﬂuctuations because they produced little cavitation.
Therefore, the resulting pressure ﬂuctuation is represented by
the summation of the pressure ﬂuctuation induced by each blade,
which all have phase differences.
The pressure ﬂuctuation induced by sheet cavitation represents
the summation of the near-ﬁeld term and the far-ﬁeld term. The
extent to which each term affects the total pressure ﬂuctuation is
analyzed, as shown in Fig. 4. Fig. 4 shows the pressure ﬂuctuation
of the near-ﬁeld and the far-ﬁeld terms induced at point ‘C’.
To ﬁnd the attenuation effect of each term according to the
distance of the tip clearance, the near-ﬁeld and the far-ﬁeld terms
are calculated at point ‘C’ of the plate. The distance from the blade
tip to the plate is assumed to be 0.5, 1.0, 3.0, 10.0, and 20.0 times
the radius of the propeller. Fig. 5 shows the result of the
computation. Because the near-ﬁeld term is proportional to 1=r2
and the far-ﬁeld term is to 1=r, the near-ﬁeld term is sharply
reduced as it remains away from the source. Therefore, the far-Fig. 14. Spectrum of the pressure ﬂuctuation (Case
Fig. 15. Spectrum of the pressure ﬂuctuation (Caseﬁeld term is dominant at a distance. In general, the tip clearance
between the hull and the propeller is less than 1.0, so the near-
ﬁeld term cannot be ignored, as shown in Fig. 5.
As speciﬁed above, if the relative velocity is not considered, the
same pressure ﬂuctuation values are expected at the same
distance between the source and the observer point. However, if
the relative velocity is considered, the results are somewhat
different. Although the observer point is the same distance from
the source, the induced pressure ﬂuctuation results are stronger
when the source becomes closer than when the source moves
away from the observer. Therefore, the pressure ﬂuctuation at
position ‘S’ is greater than the pressure ﬂuctuation of position ‘P’.
The maximum value of the pressure ﬂuctuation is predicted to
occur at a slightly starboard side of the propeller because the
sources rotate to the right-hand side. These results are shown in
Fig. 6.3. Experimental validation
To validate the newly developed time domain prediction
method, the results are compared with the experimental results
and the results of potential-based numerical prediction methods
for the various operating conditions and propellers.
The propeller cavitation ﬂow results are obtained using a
vortex lattice method developed by MOERI. The results of this
method are used as the input for the numerical pressure ﬂuctua-
tion prediction methods, the potential-based prediction method
(Kim et al., 1995), and the developed time domain predictionA): (a) point ‘P’; (b) point ‘C’; and (c) point ‘S’.
B): (a) point ‘P’; (b) point ‘C’; and (c) point ‘S’.
Fig. 16. Spectrum of the pressure ﬂuctuation (Case C): (a) point ‘P’; (b) point ‘C’; and (c) point ‘S’.
Table 4
Total induced pressure ﬂuctuation.
Total pressure ﬂuctuation (Pa) P C S
(a) Case A
Experiment 995.6 1558.4 1333.6
Potential based method 1086.3 1297.9 803.0
Time domain prediction method 938.3 1329.3 1259.3
(b) Case B
Experiment 1044.9 1355.6 1657.7
Potential based method 1157.3 1478.7 1040.9
Time domain prediction method 1263.2 1261.9 1336.3
(C) Case C
Experiment 1580.5 3400.3 2816.8
Potential based method 1076.3 1898.4 1292.2
Time domain prediction method 1529.0 2966.1 2513.8
H. Seol / Ocean Engineering 72 (2013) 287–296294method. Details of the time domain prediction method are
described in the section above.
A comparison between the computations and the experimental
results can be made for the three cases shown in Table 2 and
Table 3. These cases show the principal geometric parameters of
the propellers and the operating conditions.3.1. Experimental setup
A series of cavitation tests, including the cavitation observation
and pressure ﬂuctuation measurements, are carried out in the test
section of the MOERI medium size cavitation tunnel. The test
section of this tunnel is rectangular with a length of 2.6 m, a width
of 0.6 m and a height of 0.6 m. The maximum ﬂow speed is 12 m/s,
and the pressure can vary from 10 to 200 kPa. A schematic
diagram of the MOERI medium-sized tunnel is shown in Fig. 7.
A wake screen composed of a brass wire mesh was made to
reproduce the nominal wake ﬂow measured behind the model
ship in the MOERI towing tank. The propeller conﬁgurations and
the nominal wake distributions measured at the propeller plane
inside the cavitation tunnel are shown in Fig. 8.
The pressure ﬂuctuation is measured on a ﬂat plate above the
model propeller. The ﬂat plate is away from the model propeller
tip, which corresponds to the vertical clearance of the hull.
Pressure transducers, model XTM-190-25A, were used to measure
the pressure values. The computation and the ﬁve measured
positions on the plate are shown in Fig. 9.
Using the method recommended by ITTC (1987), the full-scale
pressure ﬂuctuation amplitudes can be predicted from the modelscale measurement according to the following formula.
PS ¼ PM 
ρS
ρM
nS
nM
 2 DS
DM
 2
f S
fM
¼ nS
nM
ð9Þ
where ρ is the density, n is the rotational speed, and D is the
diameter; sufﬁx S represents the ship, and M represents the model.
3.2. Comparison results
The cavitation patterns of the model propellers are obtained for
the selected blade′s angular position, and the corresponding
numerical ﬂow analysis results are shown in Fig. 10, Fig. 11 and
Fig. 12. The angular positions of a key blade shown in these ﬁgures
are measured from the vertically upward position in a clockwise
direction when the propeller is viewed from behind. Fig. 13 shows
the computed sheet cavitation volume variations.
Fig. 14, Fig. 15 and Fig. 16 are the comparison results. The
experimental result, the potential-based prediction results, and
the results of the newly developed time domain prediction
method are compared at positions ‘P’, ‘C’, and ‘S’.
As shown Table 4 and Fig. 17, the maximum value of the
pressure ﬂuctuation is experimentally measured and numerically
predicted at a slightly starboard side of the propeller. There are
two reasons. The ﬁrst reason is that sheet cavitation volume is
occurred analogously symmetric shape whose maximum volume
is located slightly starboard side as shown in Fig. 13. The second
reason is the source movement. Because sources are moving from
port side to starboard side, induced pressure ﬂuctuation at the
starboard side is higher than that of port side.
The newly developed time domain prediction results show
good agreement with the experimental results, and the developed
method is qualitatively and quantitatively superior to the
potential-based prediction method.4. Conclusion
A new time domain prediction method has been presented
with the aim of computing the pressure ﬂuctuation induced by a
propeller sheet cavitation. Modern acoustic theory is applied to
the source modeling of the pressure ﬂuctuation. Various factors
affecting the pressure ﬂuctuation are numerically simulated and
analyzed based on the governing equation.
The pressure ﬂuctuation induced by the propeller sheet cavita-
tion is not simply proportional to the second derivative of the
cavitation volume variation and inversely proportional to the
Fig. 17. Total induced pressure ﬂuctuation: (a) Case A; (b) Case B; and (c) Case C.
H. Seol / Ocean Engineering 72 (2013) 287–296 295distance between the source and the observer. As shown in
Eq. (7), this pressure ﬂuctuation is related to the ﬁrst and second
derivatives of the cavitation volume and is represented by the
combined results of the far-ﬁeld term and the near-ﬁeld term.
Various numerical simulations show that an elaborate prediction
requires the overall consideration of the near-ﬁeld effect, the source
motion effect, and the retarded time.
The developed method has been evaluated using both the
experimentally obtained results from a medium size cavitation
tunnel test as well as the results form the potential-based predic-
tion method for various propeller conﬁgurations and operating
conditions. The numerically predicted ﬂow and pressure ﬂuctuation
results are in agreement with the experimental results especially at
the lower blade rate harmonics. The conclusion is that the pre-
sented numerical method results in a reasonable prediction of the
pressure ﬂuctuation due to propeller sheet cavitation.
The developed numerical prediction method and the ﬁndings
will be useful sources for predicting the hull pressure ﬂuctuation
induced by a propeller at the design stage and for developing
control technique. Moreover, these ﬁndings will be helpful in the
ﬁeld of propeller cavitation in the future.Appendix: Nomenclature
c0 speed of sound
f ð x!; tÞ ¼ 0 equation of the blade surface
li local force per unit area of the ﬂuid in direction i
M Mach number
Mr Mach number in the radiation direction
n^ unit outward normal vector to surface f¼0
p′ð x!; tÞ acoustic pressure
r length of the radiation vector,
 x! y!
r! radiation vector, x! y!
r^ unit radiation vector, r!=r
t observer time
Q cavitation volume
€Q acceleration of cavitation volume
R cavitation radius
_R cavitation radius wall velocity
€R cavitation radius wall acceleration
t^ unit tangent vector to the surface f¼0
v! local velocity of the blade surface
x! observer position in the frame
x!OBS observer location
y! source positiony!0ðtÞ position vector from the origin of the ground-ﬁxed frame
to the moving frame
τ source time
ret evaluated at the retarded or the emission timeAcknowledgments
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